A Large Eddy Break-up (LEBU) device was applied to the flow management of a plane turbulent wall jet. The LEBU device was positioned at three different distances from the wall and the mean velocity, Reynolds shear stress profiles and wall shear stress were measured. The experimental data show that the LEBU device reduces the thickness of the shear layer and the magnitude of the Reynolds shear stress. The wall shear stress tends to be reduced even if the LEBU device is placed in the outer layer. These effects are most significant when the LEBU device is placed at the height at which the turbulent production term reaches its maximum. The length scale of the large eddies is reduced in manipulated flows, particularly in the spanwise direction.
Management of a Plane Turbulent Wall Jet by the Large-Eddy
Break-up Device
Introduction
The turbulent wall jet is a kind of wall bounded shear flow that is characterized as being highly diffusive and is organized by large-scale eddies in the outer free-shear layer (1) . Turbulent wall jets are applied in manufacturing process such as cooling water jets in steel plants or as hot air jets for quickly drying wetted paper. Advanced manufacturing technology requires adequate flow management techniques in order to handle the highly diffusive nature of the turbulent transport ability.
The Large Eddy Break-up (LEBU) device was developed as a device to reduce skin friction in turbulent boundary layers (2) . Thin plates or wings placed in the outer layer under an optimal configuration yield net drag reductions of a few percent, even when the drag produced by the device itself is taken into account. It might be possible to suppress large-scale eddy organizing momentum transport toward the wall by manipulating these plates, thereby reducing the wall shear stress in the boundary layer.
The outer free shear layer of the turbulent plane wall jet is subjected to large-scale coherent vortical structures that have been detected in visualization studies (3) or by conditional sampling analysis. The large-scale structure appears to be predominant for turbulent transport, entrainment of outside irrotational fluid, and the evolutional process of the shear flow. The LEBU device appears to be applicable to flow management of turbulent wall jets. In the turbulent boundary layer, high momentum entrained into the shear layer is transported toward the wall. In the wall jet, high-momentum fluid spreads outside the shear layer. In the turbulent wall jet, the LEBU device is expected to reduce the thickness of the shear layer and to maintain the wall shear stress to be higher than that of the undisturbed flow.
In the present experimental study, a LEBU device was placed at three different distances from the wall in a self-preserving turbulent wall jet, and the mean velocity, Reynolds stress profiles and the wall shear stress were measured downstream. The applicability of LEBU devices to flow management of the turbulent wall jet is examined, and the turbulent structure, the interaction of energycontaining eddies, in the outer layer and near the wall will be discussed and analyzed based on experimental evidence. 
Nomenclature

Experimental Set-up and Measurement Techniques
An experimental study was conducted in a lowturbulence wind tunnel having a 600 W × 400 H × 2 000 L test section. The flow field and coordinate system are shown in Fig. 1 . The plane wall jet is ejected from a 600 W × 10 H (aspect ratio: 60) nozzle, and the irrotational free stream flows into the test section over the jet. The height of the roof was adjusted to allow the required decay of the free stream velocity for self-preserving development of the plane wall jet (4) . The plane wall jet is in a self-preserving state downstream from the nozzle at a distance equivalent to 54 times the nozzle height. The velocity ratio U m /U e is 4, and the wall jet is classified as strong wall jet in which the zero velocity gradient height is located above the zero A NACA0012 wing (chord length, c = 20 mm and thickness, 2 mm) is employed as a LEBU device in the present study. The typical drag coefficient is estimated to be 0.02 under the present experimental conditions. The wing was positioned at three different distances from the wall, h = b m , h = b 2 , and h = mp at x 0 /S l = 62 in the selfpreserving region. The production term of the turbulent kinematic energy reaches its maximum at h = mp (= 1.2 b 2 ). The half width b 2 and inner layer b m thicknesses at x 0 /S l = 62 are 35 mm and 7 mm, respectively.
The mean velocity and Reynolds shear stress measurement was carried out with a crossed hot-wire probe and constant temperature anemometers. A tungsten filament of 3.1 µm in diameter and 0.62 mm in active length is employed as hot-wire sensor. The fluctuating velocity signals were stored in a personal computer with a 10 kHz sampling rate through 20 kHz low-pass filters, and the time averaged values are taken over 40 s. The local wall shear stress was measured using a Preston tube having an outer diameter of 1.48 mm and an inner diameter of 1.12 mm according to Patel's calibration formula. The present flow field is under adverse pressure gradient. The measurement error under the present experimental conditions is within 3%.
Experimental Results and Discussion
1 Deformation and relaxation of the mean flow
The deformation and relaxation process of the mean velocity profile are shown for three cases in Fig. 2 . The solid line represents the mean velocity profile for a nondisturbed self-preserving turbulent wall jet. The distance from the wall is divided by the distance from the wall to the wing h. At a location immediately downstream, the mean velocity is locally decelerated due to the finite drag of the wing around y/h = 1. The mean velocity profile has a deficit in the outer layer in the cases of h = b 2 and h = mp. Otherwise, the mean velocity in the inner layer is somewhat accelerated by the modification. The velocity deficit in the outer layer and the velocity excess in the inner layer suggest that entrainment is suppressed The modification of the Reynolds shear stress profile is shown in Fig. 6 . In the case of h = b m , the negative value 
2 Effectiveness for flow management
The streamwise development of the half-width and the thickness of the inner layer are shown in Fig. 8 . The experimental results are compared with the development in the non-disturbed flow. The half-width of the modified flows with the LEBU device is smaller than that of the non-disturbed flow. This indicates that the development of the shear layer and the propagation of the mean vorticity are suppressed by the LEBU device.
Two integrated values were calculated from the experimental data to determine effectiveness of the LEBU device as a flow management device. These two integrated values are given as follows:
and
Here, y g is the centroid of the mean velocity profile, and M is integrated streamwise momentum flux. The upper boundary of the integration b ∞ is defined as the distance from the wall at which the kinematic turbulent energy decreases to 0.05% of its maximum value in a given streamwise location. Figure 9 shows the streamwise variation of the centroid divided by the centroid of the non-disturbed flow. Except for results in the case of h = b 2 , the centroid moves toward the wall. In the two cases of h = b 2 and h = mp, it is expected that the mean velocity is decelerated and the Reynolds shear stress is reduced in magnitude in the outer layer. Figure 10 shows the streamwise variation of the momentum flux relative to the non-disturbed flow. The streamwise momentum flux appears to be reduced in the two cases of h = b 2 and h = mp. However, the reduction rate is sufficiently small, allowing the effect of the device on the integrated momentum flux to be ignored. These experimental results suggest that the LEBU device suppresses turbulent momentum transport so that the high streamwise momentum remains near the wall. For flow management of wall bounded shear flows, engineering applications may require modification of the wall shear stress. The streamwise variation of the local wall shear stress is shown in Fig. 11 . The local wall shear stress tends to be reduced by the LEBU device. The maximum reduction rate of the wall shear stress is typically 6% in the case of h = mp. Note that the uncertainty of the wall shear stress measurement is within 3%. Interestingly, the wall shear stress is reduced despite the fact that the streamwise momentum remains close to the wall in the modified flow. We should carefully consider the modification of the Reynolds shear stress near the wall, as shown in Fig. 7 . The positive Reynolds shear stress near the wall (momentum transport toward the wall) is reduced in the cases of h = b 2 and h = mp. The substantial effect produced by the LEBU device located in the outer layer suggests that energy-containing eddies near the wall and in the outer layer are closely associated. The LEBU device can suppress turbulent transport throughout the layer.
3 Modification of eddy length
Suppression of the turbulent diffusion is related to a reduction in the length scale or velocity scale of large eddies. A reduction in strength of the velocity scale is shown in the turbulent intensity profiles of Figs. 3-5 . Therefore, 
In the figure, the mixing length obtained from experimental data at x/c = 10 is divided by the half-width. Except for h = mp, the LEBU device has little effect on the nondimensionalized value of the mixing length. The mixing length is considerably reduced for y/b 2 < 1.2 in the case of h = mp. This is consistent with the largest effect of the LEBU device in the Reynolds shear stress profile in the case of h = mp. The large-scale vortical structure contributing to the propagation of vorticity is three-dimensional and has a finite spanwise length. The spanwise scale is an important measure of the strength of the propagation of vorticity per spanwise unit by transport due to large eddies. Two-point velocity correlation measurement determines the spanwise scale of large eddies, as shown in Fig. 13 . The two-point correlation coefficient is defined as follows:
The over bar denotes conventional time averaging. The velocity measurement was made using two single-hotwire probes located with a spanwise separation of ∆z at y = b 2 . The correlation coefficient decreases as the spanwise separation is increased and becomes negative at a certain spanwise separation. For the large separation, the correlation value tends toward zero. The correlation coefficient decreases faster in the flow modified by the LEBU device. The spanwise integral scale,
is obtained by integrating the two-point velocity correlation coefficient from 0 to zero cross separation ∆z 0 . The zero cross separation and integral scale are shown in Fig. 13 and are reduced in the flow modified by the LEBU device. The reduction rate is largest in the case of h = mp.
4 Structure modification by the LEBU device
The LEBU device has been successfully applied in managing the structure of the turbulent wall jet. Here, we discuss the effects and mechanisms involved in modifying the structure of the turbulent wall jet by the LEBU device. The development rate of the shear layer thickness is reduced, but the integrated streamwise momentum flux is hardly affected by the LEBU device. The mean velocity is decreased in the outer layer and increased in the inner layer. These results suggest that the turbulent transport of the streamwise momentum is managed by the LEBU device, since the streamwise momentum remains near the wall. The centroid of the mean velocity profile moves toward the wall. The higher momentum flux near the wall would be effective in preventing separation under an adverse pressure gradient in engineering applications.
The mixing length is reduced only in the case of h = mp, in which case the gradient is also modified. The spanwise integral scale is reduced in all cases of the flow modified by the LEBU device. The transverse gradient of the Reynolds shear stress can be expressed as the sum of two terms (5) , as follows:
where Ω z ≈ −∂U/∂y is the spanwise mean vorticity. The first and second terms in the right-hand side of the equation represent the vorticity transport and amplification due to stretching. Modification of the magnitude and transverse gradient of the mixing length indicate that the LEBU device has an effect on both the terms. In addition, the spanwise scale of the large eddies, which contributes to the vorticity diffusion per spanwise unit area, is also reduced. Nagib et al. (6) pointed out that the spanwise size of large structures was substantially reduced in turbulent boundary experiments when manipulated by the LEBU device.
Conclusions
( 1 ) The LEBU device reduced the development rate of the shear layer thickness of the turbulent wall jet and maintains the streamwise momentum flux nearer to the wall. These effects are most significant when the LEBU device is placed at the height at which the turbulent production term reaches its maximum.
( 2 ) The magnitude of the Reynolds shear stress in the outer layer is reduced by the LEBU device. The length scale of the large eddies is reduced in manipulated flows, particularly in the spanwise direction.
